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Sweet enhancing effect of neohesperidin dihydrochalcone (NHDC) or cyclamate has been reported to be
synergistic in human sensory tests. However, little is known about whether these synergisms are caused
by the mechanism mediated by the human sweet-taste receptor. Here, we examined the sweetness
intensity of sweet tastant mixtures by measuring the responses of cultured cells stably expressing the
human sweet-taste receptor. The results showed that the cell response to sucrose was synergistically
potentiated by the addition of NHDC or cyclamate. Moreover, a point mutation in the transmembrane
domain of hT1R3 almost completely eliminated the enhancing effects of NHDC and cyclamate. These
results suggest that ligand–receptor interactions in the transmembrane domain of hT1R3 are necessary
for NHDC and cyclamate to elicit the synergistic potentiation of the receptor activation. Our results
may provide the foundation of a molecular basis for receptor-based synergisms of sweet tastes in mix-
tures of diverse sweet substances.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction with a large extracellular domain (ECD) chieﬂy responsible for ago-Sucrose, fructose, glucose and other sugars elicit a distinctive
perceptual quality termed sweetness in humans, and these sugars
are generally highly preferred to other tastants. The preference for
sweet tastes likely exists because sweetness signals foods and bev-
erages with high energy contents (Chandrashekar, Hoon, Ryba, &
Zuker, 2006). However, excess ingestion of sugars can lead to life-
style-related diseases, such as diabetes and obesity. Sweetness
enhancers may prevent the excess ingestion of sugars in foods
and beverages, and thus sweet-taste synergisms have been well
studied (Birch, 1999; Hutteau, Mathlouthia, Portmann, & Kilcast,
1998; Parke, Birch, Portmann, & Kilcast, 1999; Schiffman et al.,
1995).
In mammals, sweet taste perception is mediated by G protein-
coupled receptors (GPCRs) T1R2 (taste type 1 receptor 2) and
T1R3 (taste type 1 receptor 3). T1Rs belong to the class C GPCRs
and are distantly related to the calcium sensing receptor, metabo-
tropic glutamate receptors, V2R pheromone receptors and GABAB
receptors. Class C GPCRs are hetero- or homo-dimeric receptors; hT1R, human T1R; NHDC,
ane domain; VFTM, Venus
: +81 3 5841 8118.
. Misaka).
-NC-ND license.nist recognition and binding, composed of two domains: the Venus
ﬂytrap module (VFTM) and the cysteine-rich domain (CRD). The
VFTM is a two-lobed clamshell-like structure, and the CRD lies be-
tween the VFTM and the transmembrane domain (TMD) (Pin, Gal-
vez, & Prezeau, 2003). It has also been reported that differences in
sweet taste perception according with molecular species depend
on structural variations of the taste receptor. Studies with chimeric
receptors or mutations in the taste receptor have revealed that the
sweet-taste receptor has multiple putative ligand-binding sites
(Temussi, 2007). For example, aspartame is recognised at the
extracellular domain of human T1R2 (hT1R2) (Xu et al., 2004),
and NHDC and cyclamate are bound at the TMD of hT1R3 (Jiang,
Cui, Zhao, Snyder et al., 2005; Winnig, Bufe, Kratochwil, Slack, &
Meyerhof, 2007; Xu et al., 2004). Sweet proteins, such as monellin,
brazzein (Assadi-Porter, Tonelli, Maillet, Markley, & Max, 2010;
Jiang et al., 2004) and neoculin (Koizumi et al., 2007) have been
shown to interact with the extracellular domain of hT1R3. These
actions modify or stabilise the receptor conformation at helical
transmembrane region for the activation of the G-protein. Thus,
our detailed molecular understanding of the interactions between
the sweet taste receptor and sweeteners may contribute to the
rational design of analogues with improved sensory properties.
Soon after the ﬁrst characterisation of taste receptors (Adler
et al., 2000; Hoon et al., 1999), taste stimuli including sweet, bitter,
sour and umami were measured in these receptors when
562 S. Fujiwara et al. / Food Chemistry 130 (2012) 561–568heterologously expressed in cultured cells (Bufe, Hofmann, Kraut-
wurst, Raguse, & Meyerhof, 2002; Chandrashekar et al., 2000; Ishii
et al., 2009; Ishimaru et al., 2006; Nelson et al., 2001; Zhao et al.,
2003). This assay system has allowed researchers to clarify not
only these receptors’ cognate ligands but also the biochemical ba-
sis for taste modulation, such as the inhibition of sweet (Jiang, Cui,
Zhao, Liu et al., 2005) or bitter tastes (Sakurai et al., 2009; Slack
et al., 2010), and also umami synergism (Zhang et al., 2008). Re-
cently, several papers have been also mentioned to the biochemical
basis for sweet-taste synergism (Morini, Bassoli, & Temussi, 2005;
Servant et al., 2010; Zhang et al., 2010). For instance, Servant et al.
(2010) reported novel sweet-taste enhancers (SE-1, SE-2 and SE-3)
whose effects were demonstrated not only by taste tests but also
by receptor-based assays of sweetness intensities. Moreover,
Zhang et al. clariﬁed that these sweet enhancers (SE-1, SE-2 and
SE-3) further stabilised the active conformation of the receptor
by interacting with the extracellular domain of T1R2 (Zhang
et al., 2010). These ﬁndings provided the beginnings of a rational
basis for the complexity of the sweet-taste synergisms observed
with chemically diverse sweeteners.
Sweet-taste synergisms have been studied in mixtures of
sweeteners that elicit potentiation of sweet taste. Previous psycho-
physical studies have revealed that the addition of neohesperidin
dihydrochalcone (NHDC) or cyclamate resulted in an overadditive
enhancement of the perceived sweetness of a sucrose solution
(Birch, 1999; Hutteau et al., 1998; Parke et al., 1999; Schiffman
et al., 1995). In this study, we veriﬁed the potentiating effects of
NHDC and cyclamate on the allosteric activation of the sweet-taste
receptor by measuring the responses of Flp-In 293 cells expressing
functional human sweet-taste receptors (Imada et al., 2010). We
also examined whether or not the ligand–receptor binding site in
the TMD of hT1R3 is necessary for NHDC and cyclamate to elicit
a potentiation of sweetness. Our ﬁndings here might propose a ra-
tional basis for receptor-based mechanism of sweet-taste syner-
gism and also provide an effective approach for ﬁnding optimal
pairings of chemically diverse sweeteners that can cause a syner-
gistic enhancement of sweet taste.2. Materials and methods
2.1. Sweet molecules and solutions
The sweeteners used in this study were purchased as follows:
NHDC, glycyrrhizic acid trisodium salt and stevioside from Tokyo
Kasei Kogyo Co., Ltd., Japan; thaumatin, sucralose, aspartame, sac-
charin Na and acesulfame K fromWako Chemical Co., Japan; dulcin
from Kanto Chemical Co., Ltd., Japan; neotame from NutraSweet
Co., USA; rebaudioside A fromMorita Kagaku Kogyo, Japan; sodium
cyclamate from Sigma Aldrich, USA; and sucrose from Nacalai Tes-
que, Japan.
The assay buffer was composed of 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 130 mM NaCl, 10 mM
glucose, 5 mM KCl, 2 mM CaCl2 and 1.2 mM MgCl2 (pH adjusted
to 7.4 using NaOH). Ligands were diluted into the assay buffer at
the desired concentrations.2.2. Cell culture of the human sweet-receptor-expressing cells
Flp-In 293 cells stably expressing hT1R2/hT1R3 along with
Ga16gust44 were generated as described previously (Imada
et al., 2010). Stable cell lines expressing the wild-type (WT) human
sweet-taste receptor or its mutant forms (hT1R2/hT1R3 A733V or
hT1R2/hT1R3 F778A) were generated as in the previous report
(Imada et al., 2010). The cells were maintained in low-glucose(1.0 g/l) Dulbecco’s modiﬁed Eagle’s medium (Sigma Aldrich, St.
Louis, MO) with 10% fetal bovine serum (Invitrogen, Carlsbad, CA).
2.3. Measurement of cellular responses by calcium-imaging analysis
For ﬂuorescence microscopy, cells were ﬁrst seeded onto 96-
well plates (Lumox multiwell 96-well, Starstedt AG and Co.,
Nümbrecht, Germany) at approximately 50,000 cells per well. After
20–26 h, the cells were washed with assay buffer and then loaded
with 5 lM of fura-2-acetoxymethyl ester (fura-2AM; Invitrogen) in
assay buffer for 30 min at 27 C. The cells were again washed with
assay buffer and incubated in 100 ll of assay buffer for up to
15 min at room temperature. The cells were stimulated with sweet
tastants by adding 100 ll of 2 ligand, i.e., double-strength ligand
solution.
The intensities of fura-2 ﬂuorescence emissions resulting from
excitations at 340 and 380 nm were measured at 510 nm using a
computer-controlled ﬁlter exchanger (Lambda 10-3; Sutter, San
Rafael, CA, USA), a CoolSNAP HQ2 charge-coupled device camera
(Photometrics, Tucson, AZ, USA), and an inverted ﬂuorescence
microscope (IX-71; Olympus, Tokyo, Japan). The images were re-
corded at 4-s intervals and analysed using MetaFluor software
(Molecular Devices Co., Sunnyvale, CA, USA). Changes in the intra-
cellular calcium ion concentration were estimated from changes in
the ratio of the ﬂuorescence intensities at the two excitation wave-
lengths (F340/F380).
2.4. Measurement of cellular responses by cell-based assay
Multiple data points and dose–response curves were generated
in the cell-based assay using a FlexStation 3 (Molecular Devices
Co., Sunnyvale, CA, USA). For the multiwell assays, cells were
seeded onto 96-well plates (clear-bottomed CellBIND surface plate,
Corning Inc., Bedford, MA, USA) at approximately 80,000 cells per
well. Cells were washed with assay buffer prior to loading with a
calcium-indicator dye from the FLIPR Calcium 4 Assay Kit (Molec-
ular Devices) by dilution with the assay buffer. The cells were incu-
bated for 45 min at 27 C, after which measurements were made
using a FlexStation 3 (Molecular Devices). Fluorescence changes
(i.e., excitation at 485 nm and emission at 525 nm with a cutoff
at 515 nm) were monitored at 2-s intervals. A 100-ll aliquot of as-
say buffer supplemented with 2 ligands was added at 20 s, and
scanning was continued for an additional 100 s. The response of
each well was determined as DRFU (delta relative ﬂuorescent
units), calculated as (maximum ﬂuorescent value)  (minimum
ﬂuorescent value). The data are reported as the mean ± S.E.M. of
the DRFU. Fitting curves for dose–response data and its correlation
coefﬁcient values were calculated with Clampﬁt 9.2 (Axon Instru-
ments) using Hill’s equation.3. Results and discussion
3.1. Receptor-based sweet taste synergisms of NHDC or cyclamate
Psychophysical investigations have revealed that mixtures of
certain sweeteners, suchas sucrose plusNHDCor sucroseplus cycla-
mate, elicit a synergistic enhancement of sweet taste (Birch, 1999;
Hutteau et al., 1998; Parke et al., 1999; Schiffman et al., 1995). To
investigate whether these sweet-taste synergisms were also ob-
served in a heterologously expressed human sweet-taste receptor,
we carried out Ca2+ imaging analyses that measured the responses
of Flp-In 293 cells stably expressing hT1R2 and hT1R3 togetherwith
a chimeric G protein, Ga16gust44, to sweet tastants (Fig. 1). Here,
we used sucrose as a sweetener to be enhanced because it is repre-
sentative of the sweet tastants used in the food industry. Although
Fig. 1. The response of cells expressing human sweet-taste receptors to the application of sucrose together with NHDC or cyclamate. (A) Representative ratiometric images of
fura-2-loaded human sweet-taste receptor-expressing cells in which hT1R2/hT1R3 and hGa16gust44 were stably expressed. Concentrations of 0–150 mM sucrose alone (a–
d) or together with 0.03 mM NHDC (e–h) or 1 mM cyclamate (i–l) were applied to the human sweet receptor-expressing cells. Each image was obtained about 30 s after
ligand application. The colour scale indicates the fura-2 F340/F380 ratio as a pseudocolour, (B) The average of Dratio (F340/F380) for each cell was obtained with 50, 100, or
150 mM sucrose in the absence or presence of 0.03 mM NHDC or 1 mM cyclamate. Each bar indicates the mean ± S.E.M. from three independent experiments. The
signiﬁcances for the differences between control (sucrose alone) and test values were determined using one-way ANOVA followed by Dunnett’s test. ⁄⁄p < 0.01 vs. sucrose
alone.
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centrations used here (0.03 mM NHDC or 1 mM cyclamate) were
conﬁrmed to elicit only a weak response in cells expressing human
sweet-taste receptors when each was applied to the cells alone
(Fig. 1A-e and i). Sucrose elicited a response in human sweet-taste
receptor-expressing cells in a dose-dependent manner. When 50–
150 mM of sucrose was applied to the cells, the cell response medi-
ated by the sweet-taste receptor was clearly present (Fig. 1A-b–d);
this effect was veriﬁed by the inhibition of the response in the pres-
ence of 1 mM lactisole, which is an inhibitor of the human sweet-
taste receptor (data not shown). In the presence of 0.03 mM NHDC
(Fig. 1A-f–h) or 1 mM cyclamate (Fig. 1A-j–l), the number of
responding cells increased noticeably;we conﬁrmed that the effects
were signiﬁcant by calculating theDratio (F340/F380) for each cells in
the images of Ca imaging analysis (Fig. 1B).
Next, to compare the effects of adding various sweeteners to the
sucrose solution, we examined the dose–response proﬁles for su-
crose (0–100 mM) in the absence and presence of various concen-
trations of the sweeteners (Fig. 2). The concentrations of
sweeteners added were determined so as to faintly or weakly acti-
vate the human sweet taste receptor; the determination was based
on the dose–response proﬁles of sweet taste receptor-expressing
cells for each sweetener (Fig. S1). According to the result, each
sweetener was added to sucrose solution as follows: aspartame,
0.1, 0.3, 1 mM; saccharin, 0.03, 0.1, 0.3 mM; acesulfame K, 0.1,
0.3, 1 mM; NHDC, 0.01, 0.03, 0.1 mM; and cyclamate, 0.3, 1,
3 mM. The cell responses were observed to be the same when each
sweetener was applied to the cells at the given concentrations as
follows, aspartame, 0.3 mM; saccharin, 0.1 mM; acesulfame K,
0.3 mM; NHDC, 0.03 mM; and cyclamate, 1 mM (Fig. 2F).Fig. 2. The response of cells expressing human sweet-taste receptors to a binary mixtu
100 mM) in the absence and presence of various concentrations of the sweeteners. The
sweetener was added to sucrose solution in the following concentrations: aspartame, 0.1
0.03, 0.1 mM; and cyclamate, 0.3, 1, 3 mM. Each point indicates mean ± S.E.M. from four i
and presence of various sweeteners. The signiﬁcances for differences between the control
Dunnett’s test. ⁄p < 0.05, or ⁄⁄p < 0.01 vs. sucrose alone, respectively.When each of aspartame (0.1 or 0.3 mM), saccharin (0.03 or
0.1 mM), or acesulfame K (0.1 or 0.3 mM) was added to sucrose,
the cellular response slightly increased with no signiﬁcant differ-
ence from the case of sucrose alone (Fig. 2A–C). Moreover, when
each of 1 mM aspartame, 0.3 mM saccharin, or 1 mM acesulfame
K was added at a concentration that weakly activated the human
sweet taste receptor, only an additive effect was observed
(Fig. 2A–C). Moreover, when those sweeteners were added at a
concentration, which weakly activated the human sweet taste
receptor (1 mM aspartame, 0.3 mM saccharin, or 1 mM acesulfame
K), only additive effects could be observed (Fig. 2A–C). Comparing
to these results, when NHDC or cyclamate was added to sucrose,
the responses increased signiﬁcantly (Fig. 2D–F). This result
strongly indicated that NHDC and cyclamate have distinct effects
on the cell response to sucrose, compared to other sweeteners,
such as aspartame, saccharin and acesulfame K.
To clearly demonstrate synergism rather than additive effect of
NHDC and cyclamate, we examined the difference between the
DRFU value of ‘sucrose + sweetener’ and the sum of ‘sucrose
alone’ + ‘sweetener alone’ by calculating 95% two-sided conﬁdence
intervals (Table S1). The criteria for the synergism was deﬁned
according to the publication by Schiffman et al. (1995). For any gi-
ven mixture of sucrose and sweetener, if the lower conﬁdence limit
of the amplitude of ‘sucrose + sweetener’ fell above the average of
sum of ‘sucrose alone’ + ‘sweetener alone’, the effect is concluded
as synergistic (Schiffman et al., 1995). Since only a part of coupling
with NHDC or cyclamate was deﬁned as synergistic in our experi-
mental data, enhancing effects of NHDC and cyclamate on sweet
receptor activation were more than a simple additive effect, when
mixed with sucrose (Table S1). On the other hand, such effects ofre of sucrose and various sweeteners. (A–E) Dose–response proﬁles for sucrose (0–
cellular response to each sweet tastant was measured in a cell-based assay. Each
, 0.3, 1 mM; saccharin, 0.03, 0.1, 0.3 mM; acesulfame K, 0.1, 0.3, 1 mM; NHDC, 0.01,
ndependent experiments. (F) The response to sucrose (0, 50, 100 mM) in the absence
(sucrose alone) and test values were determined using one-way ANOVA followed by
Fig. 3. The response of cells expressing the mutant human sweet-taste receptors to the application of sucrose together with NHDC or cyclamate. Dose-dependent responses
of hT1R2/hT1R3-expressing cells to sucrose in absent and present with 0.03 mM NHDC or 1 mM cyclamate. WT, hT1R2/hT1R3-expressing cells; A733V, hT1R2/hT1R3-A733V-
expressing cells; F778A, hT1R2/hT1R3-F778A-expressing cells. Each point indicates the mean ± S.E.M. from three independent experiments. The data were ﬁtted by Hill’s
equation to give continuous curves.
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(Table S1).
In the sensory data by Schiffman et al. (1995), sweet taste syn-
ergisms in binary mixtures of sweeteners at concentrations iso-
sweet with 3% sucrose (i.e., 88 mM sucrose) were investigated.
This study showed that the sweet enhancing effect of NHDC and
cyclamate on 3% sucrose was determined to be synergistic,Fig. 4. The response of the human sweet-taste receptor-expressing cells to the applicatio
the WT human sweet-taste receptor-expressing cells were examined by the applicatio
cyclamate. Each bar indicates the mean ± S.E.M. from three independent experiments. T
values were determined using one-way ANOVA followed by Dunnett’s test. ⁄p < 0.05, ⁄⁄pwhereas the effects of aspartame, acesulfame K and saccharin
was no more than additive. Our receptor assay described in this
study was totally well correlated with this sensory data. In detail,
NHDC or cyclamate at the concentration with same sweetness
around 3% sucrose (i.e., 0.033 mM for NHDC and for 5.07 mM
cyclamate) induces a synergistic enhancement of sweetness when
each of them was added to 50 or 100 mM (i.e., 1.7% or 3.4%, respec-n of various sweeteners together with NHDC or cyclamate. The cellular responses of
n of various sweeteners in the absence or presence of 0.03 mM NHDC or 1 mM
he signiﬁcances for the differences between the control (sweetener alone) and test
< 0.01, or ⁄⁄⁄p < 0.001 vs. each sweetener alone, respectively.
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association with the sweet intensity to the activation of sweet taste
receptor, also indicating that the sweet enhancing of NHDC or
cyclamate is just a result of the receptor-based synergisms.3.2. The action mechanisms of the receptor-based sweet taste
synergisms
NHDC and cyclamate have been reported to interact with the
TMD of hT1R3 when they elicit the sweetness of their own,
whereas aspartame, saccharin and acesulfame K are reported toFig. 5. Schematic illustration of the possible mechanisms for sweet-taste synergisms der
indicates the possibility that NHDC or cyclamate reduces the energy required to activate h
modulation emerges by shifting the equilibrium between the active and inactive statesbind to the VFTM of hT1R2 (Galindo-Cuspinera, Winnig, Bufe,
Meyerhof, & Breslin, 2006). To examine whether the sweetness-
potentiating effects of NHDC and cyclamate were derived from
receptor–ligand interactions in the TMD of hT1R3, we utilised a cell
line expressing mutant sweet-taste receptors, each with a point
mutation in the hT1R3 TMD subunit (F778A and A733V). F778A
was reported as a mutant with a reduced ability to recognise NHDC
and cyclamate (Winnig et al., 2007). On the other hand, A733V
does not affect the ability to recognise NHDC and cyclamate, and
was then used as a positive control here. We also examined the re-
sponse of our stable cell lines to sucrose, NHDC and cyclamate, andived from receptor–ligand interactions in the TMD of hT1R3. The illustrated scheme
T1R2/hT1R3 by interacting with the TMD of hT1R3. In this proposed model, positive
of T1Rs, where the active state becomes predominant.
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(Fig. S2A). As shown in Fig. 3, the potentiating effect of NHDC or
cyclamate was also observed when the cell line expressing the
A733V mutant, as in the case with the WT receptor. In both cases,
the cellular response to sucrose increased by the addition of
0.03 mM NHDC or 1 mM cyclamate. In contrast, the response of
the F778A-expressing cells to sucrose was almost equal to the case
that NHDC or cyclamate was added (Fig. 3). Furthermore, for the
F778Amutant receptor, the enhancing effect of NHDC or cyclamate
was completely diminished to the case of 0.1 mM NHDC or 3 mM
cyclamate (Fig. S2B). These observations suggest that the F778 res-
idue in hT1R3 is critical for NHDC and cyclamate not only to acti-
vate the human sweet-taste receptor, but also to elicit synergistic
potentiation to sucrose. Noting that the transmembrane domains
six and seven are generally important for GPCR activation (Hu
et al., 2005; Malherbe et al., 2003; Petrel et al., 2003) and that their
activation is often derived from conformational changes in the
TMDs, our results proposed that this mechanism is probably true
for hT1R activation. Interestingly, F778 in hT1R3 TM6 is also
known as an essential site for the action of lactisole, which is a
wide-acting inhibitor of the human sweet-taste receptor (Jiang,
Cui, Zhao, Liu et al., 2005; Winnig et al., 2007). This fact indicated
that an interaction with F778 is not an implicit factor for sweet
taste modulator to act as agonist or inhibitor. Accordingly, it is
likely that a residue other than F778 in the TMD of hT1R3 deter-
mines the direction of the modulation such as NHDC (i.e., sweet
enhancer) or lactisole (i.e., sweet inhibitor). Further studies are
needed to clarify the roles of mobility and G-coupling in the
TMD in relation to the allosteric modulation of hT1R2/hT1R3.
3.3. The potentiating effects of NHDC and cyclamate on various
sweeteners
In order to evaluate the potentiating effects of NHDC or cycla-
mate on various sweeteners, the cell responses of the WT human
sweet-receptor-expressing cells on several additional sweeteners
with or without the enhancer were observed (Fig. 4). The addi-
tional sweeteners used here were dipeptide, terpenoid glycoside,
protein and small-molecule-sweetener. The ﬁnal concentrations
of each sweetener tested here were as follows: 0.01 mM neotame,
0.3 mM rebaudioside A, 0.3% thaumatin, 0.3 mM sucralose, 1 mM
aspartame, 0.3 mM saccharin Na, 1 mM acesulfame K, 0.1 mM ste-
vioside, 0.3 mM glycyrrhizic acid trisodium, 0.1 mM dulcin,
3.3 mM NHDC and 7.5 mM cyclamate. The ﬁnal concentrations
used were determined to be concentrations near their EC50 values.
Addition of 0.03 mM NHDC and 1 mM cyclamate showed signiﬁ-
cant enhancements of the receptor response to all of the sweeten-
ers tested (Fig. 4). The values of DRFU for each sweetener were
changed from 1.3- to 1.8-fold by the addition of 0.03 mM NHDC,
and from 1.4- to 2.0-fold by the addition of 1 mM cyclamate,
respectively. As shown in Fig. 4, the potentiation caused by NHDC
or cyclamate was shown to be effective for various sweeteners;
even the potentiation by NHDC was effective for cyclamate and
vice versa (Fig. S2), the potentiating effect of NHDC could be fully
detected even at low concentrations, such as 0.03 mM (Figs. 1
and 2). The development of such agents that can widely act at
low concentration is of critical importance, because it could be
advantageous in reducing unintentional inﬂuences, such as after
taste and other side effects, when added to food and drinks as a
taste modulator.
Considering that sucrose, aspartame, saccharin and acesulfame
K interact with the extracellular domain in hT1R2 (Galindo-Cuspi-
nera et al., 2006), different from NHDC and cyclamate, which inter-
act with the TMD of hT1R3, our results lead to concluding that a
binary mixture of sweeteners, each of which interacts with the
TMD of hT1R3, can elicit an overadditive potentiation to induce areceptor-based synergism of sweet-taste. These results may also
imply the importance of the ligand–receptor interaction at the
TMD of hT1R3 to induce the synergistic potentiation of the gusta-
tory receptor dimer composed of hT1R2 and hT1R3 (Fig. 5).
Recently, Servant et al. (2010) discovered novel sweet-taste
enhancers (SE-1, SE-2 and SE-3), which were positive allosteric
modulators for the receptor dimer of hT1R2/hT1R3. These sub-
stances were also conﬁrmed to enhance sweet-taste intensity in
human sensory tests (Servant et al., 2010). Compared to these
enhancers, NHDC and cyclamate have several distinct features in
their efﬁcacy and working mechanisms as follows. First, while
the effect of SE-1 was restricted to the response of the human
sweet-taste receptor-expressing cells to neotame, sucrose and
sucralose, the effects of NHDC and of cyclamate were observed
for all the sweeteners tested in this study (Fig. 4). Considering that
NHDC and cyclamate increased the potencies of various sweeten-
ers in the assay using sweet-receptor-expressing cell, these data
may also support the hypothesis that NHDC and cyclamate change
the dynamic equilibrium between the active and inactive confor-
mation of the sweet-taste receptor by interacting with the TMD
of hT1R3 (Fig. 5). Another important difference between NHDC
and SE1–3 is in their interaction sites with the sweet-taste recep-
tor. While Servant et al. (2010) showed that SE-1 through SE-3 act
as enhancers by interacting with the extracellular domain of hT1R2
using mutagenesis experiments and molecular modelling, NHDC
and cyclamate appear to exert their effect by interacting with the
TMD of hT1R3 (Fig. 3). These ﬁndings consequently indicated the
following possibilities: (a) several mechanisms exist for the poten-
tiation of sweet-taste, and the mechanisms differ widely among
NHDC, cyclamate and SE1–3; (b) further enhancement would be
expected by the combined use of NHDC, cyclamate and SE1–3, as
long as their potentiating effects do not compete.
4. Conclusions
In summary, we demonstrated that NHDC and cyclamate syner-
gistically enhanced the response of the human sweet-taste recep-
tor to a sucrose solution and also that these enhancing effects
were observed in combination with other sweeteners instead of
sucrose. Using a mutational analysis, we identiﬁed a critical resi-
due for NHDC and cyclamate in eliciting an overadditive potentia-
tion of sweetness. Our observations may provide additional insight
into a receptor-based understanding of the complex synergisms of
sweet taste and also provide an effective approach to screening
high potential sweetness enhancers that could reduce the sugar
contents in foods, thereby contributing to the health beneﬁts.
Acknowledgements
This study was partly supported by a grant from a Grant-in-Aid
for Scientiﬁc Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (20688015 to T.M., and
20380183 to K.A.), Funding Program for Next Generation World-
Leading Researchers from the Japan Society for the Promotion of
Science (LS037 to T.M.), and by a grant from the JapanFood Chem-
ical Research Foundation.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.foodchem.2011.07.073.
References
Adler, E., Hoon, M. A., Mueller, K. L., Chandrashekar, J., Ryba, N. J., & Zuker, C. S.
(2000). A novel family of mammalian taste receptors. Cell, 100(6), 693–702.
568 S. Fujiwara et al. / Food Chemistry 130 (2012) 561–568Assadi-Porter, F. M., Tonelli, M., Maillet, E. L., Markley, J. L., & Max, M. (2010).
Interactions between the human sweet-sensing T1R2–T1R3 receptor and
sweeteners detected by saturation transfer difference NMR spectroscopy.
Biochimica et Biophysica Acta, 1798(2), 82–86.
Birch, G. G. (1999). Modulation of sweet taste. BioFactors, 9(1), 73–80.
Bufe, B., Hofmann, T., Krautwurst, D., Raguse, J. D., & Meyerhof, W. (2002). The
human TAS2R16 receptor mediates bitter taste in response to beta-
glucopyranosides. Nature Genetics, 32(3), 397–401.
Chandrashekar, J., Hoon, M. A., Ryba, N. J., & Zuker, C. S. (2006). The receptors and
cells for mammalian taste. Nature, 444(7117), 288–294.
Chandrashekar, J., Mueller, K. L., Hoon, M. A., Adler, E., Feng, L., Guo, W., et al. (2000).
T2Rs function as bitter taste receptors. Cell, 100(6), 703–711.
Galindo-Cuspinera, V., Winnig, M., Bufe, B., Meyerhof, W., & Breslin, P. A. (2006). A
TAS1R receptor-based explanation of sweet ‘water-taste’. Nature, 441(7091),
354–357.
Hoon, M. A., Adler, E., Lindemeier, J., Battey, J. F., Ryba, N. J., & Zuker, C. S. (1999).
Putative mammalian taste receptors: A class of taste-speciﬁc GPCRs with
distinct topographic selectivity. Cell, 96(4), 541–551.
Hu, J., McLarnon, S. J., Mora, S., Jiang, J., Thomas, C., Jacobson, K. A., et al. (2005). A
region in the seven-transmembrane domain of the human Ca2+ receptor critical
for response to Ca2+. Journal of Biological Chemistry, 280(6), 5113–5120.
Hutteau, F., Mathlouthia, M., Portmann, M. O., & Kilcast, D. (1998). Physicochemical
and psychophysical characteristics of binary mixtures of bulk and intense
sweeteners. Food Chemistry, 63(1), 9–16.
Imada, T., Misaka, T., Fujiwara, S., Okada, S., Fukuda, Y., & Abe, K. (2010). Amiloride
reduces the sweet taste intensity by inhibiting the human sweet taste receptor.
Biochemical and Biophysical Research Communications, 397(2), 220–225.
Ishii, S., Misaka, T., Kishi, M., Kaga, T., Ishimaru, Y., & Abe, K. (2009). Acetic acid
activates PKD1L3-PKD2L1 channel – A candidate sour taste receptor.
Biochemical and Biophysical Research Communications, 385(3), 346–350.
Ishimaru, Y., Inada, H., Kubota, M., Zhuang, H., Tominaga, M., & Matsunami, H.
(2006). Transient receptor potential family members PKD1L3 and PKD2L1 form
a candidate sour taste receptor. Proceedings of the National Academy of Sciences
of the United States of America, 103(33), 12569–12574.
Jiang, P., Cui, M., Zhao, B., Liu, Z., Snyder, L. A., Benard, L. M., et al. (2005). Lactisole
interacts with the transmembrane domains of human T1R3 to inhibit sweet
taste. Journal of Biological Chemistry, 280(15), 15238–15246.
Jiang, P., Cui, M., Zhao, B., Snyder, L. A., Benard, L. M., Osman, R., et al. (2005).
Identiﬁcation of the cyclamate interaction site within the transmembrane
domain of the human sweet taste receptor subunit T1R3. Journal of Biological
Chemistry, 280(40), 34296–34305.
Jiang, P., Ji, Q., Liu, Z., Snyder, L. A., Benard, L. M., Margolskee, R. F., et al. (2004). The
cysteine-rich region of T1R3 determines responses to intensely sweet proteins.
Journal of Biological Chemistry, 279(43), 45068–45075.
Koizumi, A., Nakajima, K., Asakura, T., Morita, Y., Ito, K., Shmizu-Ibuka, A., et al.
(2007). Taste-modifying sweet protein, neoculin, is received at human T1R3
amino terminal domain. Biochemical and Biophysical Research Communications,
358(2), 585–589.
Malherbe, P., Kratochwil, N., Knoﬂach, F., Zenner, M. T., Kew, J. N., Kratzeisen, C.,
et al. (2003). Mutational analysis and molecular modeling of the allostericbinding site of a novel, selective, noncompetitive antagonist of the
metabotropic glutamate 1 receptor. Journal of Biological Chemistry, 278(10),
8340–8347.
Morini, G., Bassoli, A., & Temussi, P. A. (2005). From small sweeteners to sweet
proteins: Anatomy of the binding sites of the human T1R2_T1R3 receptor.
Journal of Medicinal Chemistry, 48(17), 5520–5529.
Nelson, G., Hoon, M. A., Chandrashekar, J., Zhang, Y., Ryba, N. J., & Zuker, C. S. (2001).
Mammalian sweet taste receptors. Cell, 106(3), 381–390.
Parke, S. A., Birch, G. G., Portmann, M. O., & Kilcast, D. (1999). A study of the solution
properties of selected binary mixtures of bulk and intense sweeteners in
relation to their psychophysical characteristics. Food Chemistry, 67(3), 247–259.
Petrel, C., Kessler, A., Maslah, F., Dauban, P., Dodd, R. H., Rognan, D., et al. (2003).
Modeling and mutagenesis of the binding site of Calhex 231, a novel negative
allosteric modulator of the extracellular Ca(2+)-sensing receptor. Journal of
Biological Chemistry, 278(49), 49487–49494.
Pin, J. P., Galvez, T., & Prezeau, L. (2003). Evolution, structure, and activation
mechanism of family 3/C G-protein-coupled receptors. Pharmacology and
Therapeutics, 98(3), 325–354.
Sakurai, T., Misaka, T., Nagai, T., Ishimaru, Y., Matsuo, S., Asakura, T., et al. (2009).
pH-dependent inhibition of the human bitter taste receptor hTAS2R16 by a
variety of acidic substances. Journal of Agricultural and Food Chemistry, 57(6),
2508–2514.
Schiffman, S. S., Booth, B. J., Carr, B. T., Losee, M. L., Sattely-Miller, E. A., & Graham, B.
G. (1995). Investigation of synergism in binary mixtures of sweeteners. Brain
Research Bulletin, 38(2), 105–120.
Servant, G., Tachdjian, C., Tang, X. Q., Werner, S., Zhang, F., Li, X., et al. (2010).
Positive allosteric modulators of the human sweet taste receptor enhance sweet
taste. Proceedings of the National Academy of Sciences of the United States of
America, 107(10), 4746–4751.
Slack, J. P., Brockhoff, A., Batram, C., Menzel, S., Sonnabend, C., Born, S., et al. (2010).
Modulation of bitter taste perception by a small molecule hTAS2R antagonist.
Current Biology, 20(12), 1104–1109.
Temussi, P. (2007). The sweet taste receptor: A single receptor with multiple sites
and modes of interaction. Advances in Food and Nutrition Research, 53, 199–239.
Winnig, M., Bufe, B., Kratochwil, N. A., Slack, J. P., & Meyerhof, W. (2007). The
binding site for neohesperidin dihydrochalcone at the human sweet taste
receptor. BMC Structural Biology, 7, 66.
Xu, H., Staszewski, L., Tang, H., Adler, E., Zoller, M., & Li, X. (2004). Different
functional roles of T1R subunits in the heteromeric taste receptors. Proceedings
of the National Academy of Sciences of the United States of America, 101(39),
14258–14263.
Zhang, F., Klebansky, B., Fine, R. M., Liu, H., Xu, H., Servant, G., et al. (2010).
Molecular mechanism of the sweet taste enhancers. Proceedings of the National
Academy of Sciences of the United States of America, 107(10), 4752–4757.
Zhang, F., Klebansky, B., Fine, R. M., Xu, H., Pronin, A., Liu, H., et al. (2008). Molecular
mechanism for the umami taste synergism. Proceedings of the National Academy
of Sciences of the United States of America, 105(52), 20930–20934.
Zhao, G. Q., Zhang, Y., Hoon, M. A., Chandrashekar, J., Erlenbach, I., Ryba, N. J., et al.
(2003). The receptors for mammalian sweet and umami taste. Cell, 115(3),
255–266.
